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Abstract

This paper uses a recently developed combined momentum theory and simple vortex theory (CMTSVT) inflow
model to study effects of rotor-on-rotor inflow interference on induced power predictions for different multi-rotor
configurations with varying overlapping areas. The validation with the Harrington coaxial rotor shows that this
analytical model, although simple, can capture the overall rotor-on-rotor wake interference effects in the
estimation of rotor power, without a need for its coupling with a blade element rotor model. The first harmonic
self-induced and interference inflow components of individual rotors are also available for further exploration
of the different multi-rotor configurations. Hence, the CMTSVT model can serve as a viable tool for rapid
estimation of rotor-on-rotor interference on overall power required in the early design stages of vehicle

configuration and sizing trade studies.

1. NOMENCLATURE

Cr aerodynamic thrust coefficient

Cy,Cp aerodynamic pitch moment coefficient

and roll moment coefficient, respectively

T nondimensional radial blade coordinate
u advance ratio

A free-stream component of inflow

X the wake skew angle

Y azimuth angle

r nondimensional circulation

rotor solidity
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f flat-plate parasite-drag area
R rotor radius
0 angular velocity (rad/s)

2. INTRODUCTION

Due to substantial interest towards advanced air
mobility (AAM) or urban air mobility (UAM), many
new vehicle concepts are emerging in the market.
These vehicles undergo numerous trial and error
process from conceptual design phase to the first
flying prototype. The design supported by the high-
fidelity simulations and wind tunnel tests requires a
certain design maturity that may lead to an early
decision to finalize the vehicle configuration.
Analytical tools, which are still used in the
development of conventional configurations, should
be adopted for these new vehicles consisting of more
than one lifting rotor to support several design
phases.

New vehicle concepts for UAM or AAM inherently
consist of multi-rotor configurations and operate
within a complex flow field. These new vehicles have
rotor-on-rotor and other aerodynamic interference
effects. These complex effects might be severe
depending on the configuration. Thus, they should be
introduced as early as possible to design phase for
guiding the design engineers in determining the best
possible vehicle configuration.
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Higher-order wake models such as CFD, free-vortex
wake, VVPM, and hybrid modelling approaches are
often used to capture complex aerodynamic
interference effects''3. Alternatively, one can use
analytical finite state multi-rotor inflow models based
on superposition approaches that capture
fundamental interference effects among the rotors'#-
6, More recently, a new multi-rotor inflow model
known as combined momentum theory and simple
vortex theory (CMTSVT) has been developed'’. The
CMTSVT takes advantage of simplicity of the
momentum theory and combines it with a simple
vortex theory to account for rotor-on-rotor inflow
interference. In addition to rotor-on-rotor inflow
interference, CMTSVT can predict interference
inflow for any surface near the rotor. Because of its
numerical efficiency, modular structure, and
simplicity, CMTSVT is an ideal candidate to be used
in the early design phases of these advanced
configurations.

In this study, combined momentum and simple
vortex theory inflow model is used to study the effect
of inflow interference on the induced power. First, the
model is validated against experimental data of a
coaxial rotor in hover and forward flight. Then,
different dual-rotor and quad-rotor configurations
with and without partial overlap are examined. In
addition to total induced power predictions, induced
power due to self-induced inflow and interference
inflow are provided, along with first harmonic inflow
components, to gain further insight.

3. COMBINED MOMENTUM THEORY AND
SIMPLE VORTEX THEORY INFLOW MODEL

The detailed description of the combined momentum
theory and simple vortex theory (CMTSVT) inflow
model is provided by Guner and Prasad in Ref. 17.
The model takes advantage of simplicity of the
momentum theory and a rigid wake vortex theory to
arrive at a model that includes some of the
fundamental rotor-on-rotor interference effects. The
current version of the model can predict steady-state
self-induced infow and interference inflow
components of generic multi-rotor configurations.

The CMTSVT follows the output-coupled model
structure. The total inflow on a rotor is described as
a summation of self-induced inflow and interference
inflow due to other rotors, i.e., A(F,y) = A5, ¥) +
A (7). After approximating the inflow distribution
with the first harmonic inflow expansion, the inflow
distribution of /" rotor is expressed as:

(1) V@) = (7 +4") + (A + 4777 cos
+ (2 + A7 siny

N

In Eq. (1), superscripts S and I refer to self-induced
and interference inflow components, respectively,

whereas superscript j is the rotor indexing. The total
flow passing through each rotor must be modified to
satisfy continuity as interference inflow components
provide additional air mass to each rotor. By
considering this, the interference inflow is allowed to
affect magnitude of the self-induced inflow and its
effect solely depends on the magnitude of the
interference inflow. The self-induced uniform inflow
of /" rotor is calculated by Eq. (2).

2) A5 =cl/(2v))

where

J_ 2 A%
W= w2+ (2 +2)
A=+ A

An iterative process is needed to solve for the self-
induced uniform inflow component of each rotor (13)
until all self-induced and interference uniform inflow
components converge. After this convergence, the
first harmonic inflow components of /' rotor are
obtained from the modified dynamic inflow formula of
Pitt and Peters as follows'8:

3) A=A+l
4) A=A+
where
: 150 x/ 4 cos y/
js _ X 2COSx
e eay) tan-Cr Vi(1+cosy/) ™
. 4 .
,S
M = ¢l

~Vi(1 + cos x))
W2+ (M + 1) (A + 24))
= 7

J

172

1
j J
A+

x) =tan~

The first harmonic inflow components (A5, 277, 2]
of /' rotor are extracted from the interference inflow
distribution that is calculated using a simple vortex
theory formulated by Heyson'®. He showed that
induced velocities near a lifting rotor become
available using the Biot-Savart law as a single
integral, which only depends on the prescribed rigid

wake geometry. Using Heyson's formula®,
interference inflow is calculated as:

[ _ _ 1 2w 1-(x cosY+y siny)+R.sin y cosy
(5) A= 41 fO F(l[)) [Rc+(cosp—x) sin y+z cos x]R, dl/)

where

F) =vo t+ ViccosP + yy5sinh
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R, =1+ x2+y2+22—2(xcosy + ysiny)

In Eq. (5), x,v,z represent Cartesian coordinates
normalized by rotor radius. The vorticity variation
around the azimuth is described as F(y). Here,
uniform (y,), cosine (y,.) and sine (y;5) parts of the
vorticity are associated to C;, Cy, and C; using the
following equations’8.

_ Cr 3uCy
(6) Yo = Vr(1-15u42)  Vp(1-1.5u2)
_3Cum
(7) YVie = Vr
_ 3CL _ 1.5uCt
(8) Yis = Vr(1-15u2)  Vp(1-1.5u2)

After finding interference inflow distribution at a rotor,
interference uniform, longitudinal, and lateral inflow
components are approximated using Egs. (9), (10),
and (11) as

(9) Ay == [ [N G ) Fdrdy
(10) N =257 [ X (7, ) 72 cosp dFdy
(11) Ng =277 [ A ) 72 sinyp drdyp

To obtain the total interference inflow corresponding
to every rotor, calculations must be repeated for (N —
1) X N times for a multi-rotor configuration with N
number of rotors. In Eq. (12), indexing is provided for
j" rotor.

(12) (" MM} =S, ka0 200, 208

The developed combined momentum theory and
simple vortex theory (CMTSVT) inflow model has
been previously validated!” against the Velocity
Potential Superposition Inflow Model (VPSIM), which
was shown to correlate well with the higher order
wake models such as Viscous Vortex Particle
Method (VVPM) and GT-Hybrid's 1620, 21,

4. SIMULATION PROCEDURE

For evaluation of the CMTSVT inflow model, two
vehicle configuration cases, viz., the dual rotor
configuration and the quad-rotor configuration, are
considered. The dual rotor configuration uses the
geometry of the Harrington coaxial rotor?? to
compare and validate the obtained results against
the experimental results. The vertical separation
distance between the rotors is set to 0.19 radius
(0.19R), and results are obtained for both hover, and
forward flight, for the coaxial configuration. The
longitudinal separation distance is then varied from 0
(coaxial) to 2R (tandem configuration with no

overlap) to examine the effects of rotor overlap on
induced velocity and induced power. For all dual rotor
configurations, a torque balance between the two
rotors is achieved by trimming and varying the thrust
sharing ratio. For example, in the case of coaxial
rotor, this ratio settles around 1:0.75 for the range of
thrust coefficients considered in hover with the upper
rotor producing more thrust. As the advance ratio is
increased, the ratio gets closer to 1:1 with both rotors
producing equal amounts of thrust. The coefficient of
power (Cp), equal for both rotors due to torque
balancing, is calculated for each rotor using the
following equation:

(13) Cp = kCp ing + % (1+4.65u%) + 0.5;13(%)

where
1 2w 1 _
Cping = Ef f (7 + psinp)TA(7, ) dr dy
o Jo

_ 6Cr)2
Cpo = 0.0115 + 0.3 (£T)
and ‘k’is a correction factor selected as 1.15 in this
study to account for flow swirl and non-uniform inflow
due to blade twist in hover. Additionally, ‘A’ is the
rotor disk area and Adis the total nondimensional
inflow distribution obtained from the model at a
particular radial and azimuthal location. The
azimuthal variation of the nondimensional circulation
is given by Eq. (14) as

(14) T(y) =T, + T .cosyp + Ty gsimp

Here, [, is the mean rotor bound circulation, and T},
and T respectively, are the longitudinal and lateral
variations of the same. These circulations are found
by taking the products of corresponding vorticity
strengths (y) with the mass flow parameter (V;))
associated with the rotor mean inflow'®.

The lift curve slope (a) is taken to be equal to 5.73,
with rotor solidity (o) equalling 0.027 for the
Harrington rotor?®. The coefficient 0.0115 s
calculated by matching the computed C, value at
zero thrust to the experimental value of 0.000777.
For forward flight, a flat-plate parasite-drag area of
10 square feet is used along with a tip speed of 469
ft/s and a constant weight coefficient C,, of 0.0048%*
(Cr=Cw in hover but has a drag component in
forward flight). The results are converted to
horsepower for validation against experimental data.

A tandem rotor configuration?* with a rotor disc
diameter of 15 ft (Figure 1) is also used to validate
the model against experimental data in hover. In this
configuration, there is no vertical separation as well
as overlap between the two rotors. As there is no
rotor wake interference between the rotors, each
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rotor produces the same amount of thrust and has a
solidity of 0.054%%. C, is calculated using Eq. (13),

2
with Cpo = 0.004 + 0.3 (2T},

ao

2.066R

Figure 1. Tandem rotor configuration.?

For the quadrotor configuration, the two cases
considered for this study are partial and no overlap,
as shown in Figures 2 and 3, respectively.
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Figure 2. Quad-rotor configuration with overlap.
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Figure 3. Quad-rotor configuration without
overlap.

In the quad-rotor case, trimming is performed such
that the sum of torques of the two upper rotors is in
balance with the sum of torques of the two lower
rotors. While the thrust produced by rotor 3 is taken
to be equal to the thrust produced by rotor 4 (lower
rotors) in all cases due to flow symmetry, this is not
true for the two upper rotors. Although rotors 1 and 2
produce equal amounts of thrust during hover, rotor
2 acts considerably under the influence of rotor 1
during forward flight, producing much lesser thrust.
Thus, their thrust sharing ratio changes to
approximately 1:0.68 for the no overlap
configuration, and to 1:0.50 for the configuration with
partial overlap during forward flight. These thrust
sharing ratios of the quad-rotor configurations are
used to calculate power and plot results for various
advance ratios. The flat-plate parasite-drag area and
tip speed used for this process are the same as that
of the coaxial dual-rotor configuration.

5. RESULTS AND DISCUSSION

5.1. Coaxial Rotor Configuration

The purpose of this part of the study is to validate the
obtained total power results against experimental
data for both hover and forward flight. As shown in
Figure 4, the total power predictions from CMTSVT
are quite similar to the Harrington rotor experimental
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results despite it being a model with a simple
implementation. The average percentage error
between the experimental and predicted power (Cp)
results is about 3%. It is expected that the observed
discrepancy between the CMTSVT model prediction
and the experimental data can be further reduced
with the inclusion of wake contraction and viscous
decay effects, which are not considered in this study
to retain the simplicity of the model.

%1078

05 *  Experiment Coaxial | -
® O Model Coaxial

0 g | . 1 . 1 |
0.5 1 1.5 2 25 3 3.5 4

CP x107*

Figure 4. Coaxial rotor Cr vs. Cr for hover with a
thrust sharing ratio around 1:0.75.

In the next part, advance ratio is varied from 0 to 0.24
for power predictions of the Harrington coaxial rotor,
keeping the total weight coefficient at a constant
value of 0.0048. As seen in Figure 5, the predictions
correlate well with experimental data even for various
advance ratios.

100 T T T T T
90

80¢

60 | *

50

P (HP)

40

30

20
O Model

0 0.05 0.1 0.15 02 0.25 0.3
1t

Figure 5. Power vs. advance ratio for coaxial
rotor in forward flight with C,, = 0.0048.

5.2.

In analyses of multi-rotor inflow models, Ref. 16 has

Effect of Longitudinal Separation

shown that longitudinal inflow components exist even
in hover if rotors are partially overlapping
longitudinally. Since it affects the vehicle’s stability,
this phenomenon is crucial to capture?. The effect of
only longitudinal separation is analysed in the study
for the dual rotor configuration since the effect of
lateral separation will be similar, introducing lateral
inflow components.

To study this effect, the longitudinal separation
distance between the Harrington rotors is gradually
increased from 0.0 to 2.0 rotor radius. The total thrust
(equal to weight in hover) coefficient is set to 0.0048,
while aerodynamic hub moments are set to 0.0.
Figure 6 shows uniform and longitudinal inflow
predictions for the lower rotor at various longitudinal
overlap percentages. Figure 7 shows the same
results for the upper rotor.

0.06

T T
I Total
[ seif Induced
0.04 T Interference

A b b

0 25 50 75 100
Overlap Percentage

0.03

0.02

Q.
=001
0

-0.01

0 25 50 75 100
Overlap Percentage

Figure 6. Uniform and longitudinal inflow
predictions for the lower rotor at various
longitudinal overlap percentages for Cy =

0.0048 in hover.
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Figure 7. Uniform and longitudinal inflow

predictions for the upper rotor at various
longitudinal overlap percentages for C, =
0.0048 in hover.
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As seen in Figures 6 and 7, the model predicts only
interference contribution for the longitudinal inflow
components in both rotors. This implies that without
the inflow interference, the model predicts zero
longitudinal inflow components for the rotors
regardless of the longitudinal separation distance,
like a single rotor configuration without aerodynamic
pitch  moment. Since the longitudinal inflow
components can become as large as the uniform
infow components in some cases (see Figure 6),
they might significantly affect rotor performance and
trim, hence, are important for consideration in
design.

Figure 8 shows the predictions for total induced
power for various longitudinal separation distances in
hover. Interference contribution rises with increase in
overlap percentage (or interference area) while
longitudinal separation distance decreases. At 100%
overlap (coaxial configuration), the contribution of
interference inflow is almost equal to that of the self-
induced inflow and cannot be neglected. In reality,
this effect is expected to be smaller compared to the
predictions using the CMTSVT model due to
neglected real flow effects such as wake contraction
and wake diffusion.

x10™

[ Total
[ Seif Induced
[interference

25

05

0 25 50 75 100
Overlap Percentage

Figure 8. Total induced power predictions at
Cyw = 0.0048 in hover for various rotor overlap
percentages.

Lastly, the total power predictions for a tandem rotor
configuration?*, with the rotors not touching each
other and without any vertical separation, are plotted
against experimental data in Figure 9. Despite the
model having a simple implementation (no coupling
with a blade-element rotor model), the discrepancy
between the predicted and experimental results®
can be further reduced by coupling the CMTSVT with
a blade-element rotor model.
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0.5 * ¥ Experiment Tandem |
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0 L g . \ I . L f
0 04 0.8 1.2 1.6 2 24 28 3.2

C %107

Figure 9. Tandem rotor?* Cr vs. Cp for hover with
a thrust sharing ratio of 1:1.

5.3. Quad-rotor Configurations

The CMTSVT is a generic inflow model that is
applicable to any configuration. Two quad-rotor
configurations with partial overlap and no overlap are
used to demonstrate its capability. Inflow and power
predictions of these quad-rotor configurations are
also studied. Quad-rotor configurations with partial
overlap and no overlap are shown in Figures 2 and
3, respectively. As discussed in section 4, there is a
torque balance between the upper and lower rotors.
Additionally, Figure 10 shows the predictions of total
power (in HP) for the partial and no overlap cases at
various advance ratios. The results obtained are
higher for the partial overlap case as compared to no
overlap, since the partial overlap case is subject to
more interference effects.

Figure 11 shows the uniform, longitudinal, and lateral
inflow components for all four rotors at zero and
partial overlap for CW= 0.0048 in hover. Since rotors
1 and 2 are longitudinally separated, the lateral inflow
components in Figure 11 (a) and (b) are of a very
small order (10-19). For rotors 3 and 4 which are
laterally separated, the same can be seen for
longitudinal inflow components in Figure 11 (c) and
(d). Similar to the dual rotor case, the model predicts
zero longitudinal and lateral components if
interference inflow is not taken into account.
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Figure 10. Power vs. advance ratio for quad-rotor
configuration with zero and partial overlap at a
constant C,, = 0.0048.
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Figure 11. Uniform, longitudinal, and lateral
inflow predictions for each rotor at zero and
partial overlap for C, = 0.0048 in hover.

Figure 12 shows the induced power predictions and
interference inflow contributions for the upper and
lower rotors in hover at a constant Cy, of 0.0048. As
overlap percentage and interference area increase,
so does the contribution of interference inflow in the
induced power. For the partial overlap case
considered in this study, this contribution amounts to
nearly 25% of the total power prediction.

The predictions below can be extended to forward
flight to assess the contribution of interference in
individual rotors at various advance ratios. As clear
from the figures below, interference inflow plays a
considerable role in induced power computations,
and hence, is an important factor in the design cycle
involving vehicle configuration and sizing trade
studies.
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Figure 12. Induced power predictions and

interference contributions for lower and upper
rotors in hover condition at C;;, = 0.0048.

6. CONCLUDING REMARKS

A recently developed combined momentum theory
and simple vortex theory (CMTSVT) inflow model for
computing induced velocities at individual rotors of
multi-rotor configurations is evaluated for its fidelity in
the prediction of power required in trim at hover and
various forward flight speeds. The CMTSVT benefits
from its modular structure and simplified modeling
approach, while capturing the fundamental
interference effects.

The power predictions from the CMTSVT model are
first correlated with wind tunnel test data available in
the literature for a coaxial rotor in hover and several
advance ratios. The model predictions of rotor power
are found to be reasonably good, within acceptable
errors in spite of the simplifying assumptions used in
the CMTSVT inflow model development for its

viability as a tool during the design cycles of
advanced multi-rotor configurations. The variation of
power required and induced velocity predictions of a
dual rotor and a quadrotor with different rotor-to-rotor
overlap ratios are found to be qualitatively correct.
Further, the CMTSVT model is found to be
computationally fast for its viability as a tool in the
required rapid estimations of power in vehicle
configuration and sizing trade studies. Further
validation of the CMTSVT model induced velocity
and power predictions with test data will enhance its
viability for its routine use in design trade studies
involving multi-rotor configurations.
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